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These changes in sleep homeostasis in the mutant mice provide a testable hypothesis for future work examining why human subjects with the mutation lead such active lives despite their persistently shorter sleep.
We performed EEG and EMG on Dec2 KO mice and their WT littermates. Baseline wakefulness, NREM, and REM percentages showed that Dec2 KO mice sleep slightly more than the WT mice and that the difference is mostly in the dark period (table S4 and fig. S2 ). During the light period, only the NREM sleep of Dec2 KO mice was more abundant than that of WT mice and only slightly so. NREM rebound after sleep deprivation for Dec2 KO mice was much slower, which implied that Dec2 is an important factor regulating sleep recovery.
We next set out to test whether mDec2P385R can cause a similar rest-sleep phenotype in Drosophila. The closest homologous protein to DEC2 in Drosophila [CG17100, clockwork orange (16, 17) ] shares <18% amino acid sequence similarity, <11% identity, and P385 is not conserved. We therefore generated transgenic flies with expression-inducible UAS-mDec2WT and UASmDec2P385R on the w1118 background. When these flies were crossed with elav-GAL4, driving pan-neuronal overexpression (18) , mDec2P385R flies showed significantly lower daytime sleeplike behavior with reduced rest bout number and lengthened rest bout durations compared with WT flies (Fig. 4A ). Because mushroom bodies were shown to be the likely sleep-rest behavior center in Drosophila (19), we also overexpressed P385R and WT mDec2 under the control of a mushroom body 30Y-GAL4 driver (20) . It was noteworthy that mDec2P385R transgenic flies driven by the 30Y-GAL4 showed significantly less sleeplike behavior with significantly shorter sleep bout duration in both light and dark phases than mDec2WT flies (Fig. 4B ). However, rest or sleep bout number was significantly higher only in the dark phase for mDec2P385R transgenic flies. These results indicate that the behavior of flies with mushroom body driver expression of mDec2P385R echoed those of the DEC2-P385R transgenic mice (Fig. 2 , B, C, and E, and Fig. 4B ).
The power of human genetics in studying human behavioral traits was demonstrated in the identification of mutations and the subsequent molecular characterization of FASPS (21) (22) (23) . As currently understood, FASPS is primarily a circadian rhythm variant leading to altered phase; total daily sleep time is normal (21, 23, 24) . We have applied a similar approach and identified a gene involved in regulation of sleep quantity. This provides a unique opportunity for exploring human sleep quantity regulation. DEC2-P385R mutation gave a short sleep phenotype, which was recapitulated in transgenic mouse and fly models but was not found in Dec2 KO mice. In addition, this phenotype was enhanced by the absence of endogenous Dec2 alleles, which suggested that P385R leads to a dominant-negative mutation. Our results demonstrate that DEC2 plays an important role in regulating daily total sleep time in mammals and that the control of sleep-like behavior may be conserved and regulated in a similar manner as far back in evolution as invertebrates.
We did not see statistically significant differences in the NREM delta or REM theta power in the DEC2-P385R mice during dayor night-time sleep, although there is a trend toward increased NREM delta in these mice. It is possible that a small deficit of sleep in the short term does not significantly affect sleep power, whereas a long-term accumulation will. Alternatively, the attenuated NREM delta power enhancement, together with slow and incomplete NREM sleep recovery after sleep deprivation in the DEC2-P385R mice, suggests that these mice are able to cope with shorter sleep because of altered sleep homeostasis. It is noteworthy that recent data on human sleep emphasizes the importance of cumulative sleep debt even if it is only due to partial sleep deprivation. Understanding the regulatory mechanisms of sleep quality and quantity will facilitate the development of interventions to alleviate pathologies associated with sleep disturbance. Friction limits the operation of macroscopic engines and is critical to the performance of micromechanical devices. We report measurements of friction in a biological nanomachine. Using optical tweezers, we characterized the frictional drag force of individual kinesin-8 motor proteins interacting with their microtubule tracks. At low speeds and with no energy source, the frictional drag was related to the diffusion coefficient by the Einstein relation. At higher speeds, the frictional drag force increased nonlinearly, consistent with the motor jumping 8 nanometers between adjacent tubulin dimers along the microtubule, and was asymmetric, reflecting the structural polarity of the microtubule. We argue that these frictional forces arise from breaking bonds between the motor domains and the microtubule, and they limit the speed and efficiency of kinesin.
F riction is the force that resists the relative motion of two bodies in contact. Contact is mediated by adhesive bonds between individual molecules, and friction arises from the forces necessary to deform and break these bonds (1) . When a bond breaks, the energy stored in its deformation is dissipated. Adhesive interactions occur between proteins (2, 3), and how they might give rise to protein friction has been discussed theoretically (4 
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especially important for motor proteins because these nanomachines bind stereospecifically to discrete sites on a filamentous track and because, in order to move, they must break the bond at one site before rebinding at a new site in the direction of motion. In theoretical models of force generation by molecular motors, protein friction is predicted to limit both speed and efficiency (5) (6) (7) (8) (9) . However, the frictional forces acting on motors have not been measured, and how they depend on the speed and direction of motion is not known.
Protein friction is related to diffusion according to the Einstein relation, D = k B T/g (D diffusion coefficient, k B Boltzmann constant, T absolute temperature, g frictional drag coefficient). The higher the protein friction, the slower the diffusion. Diffusion of proteins along polymers-i.e., randomly directed stepping, as opposed to the directed adenosine triphosphate (ATP)-driven stepping of motor proteins-is functionally important. In the case of microtubules, diffusion along the microtubule lattice rapidly targets proteins to the microtubule ends [MCAK and XMAP215 (10, 11)]; maintains dynamic contact between chromosomes and the growing or shrinking ends of microtubules [Dam1 and Ndc80 (12, 13)]; and allows sliding of bundled microtubules [Ase1p and Ncd (14, 15) ]. The diffusion coefficients vary by over three orders of magnitude, which implies that the frictional interactions must also vary considerably in strength. It has been hypothesized that the diffusive interaction between these proteins and microtubules is mediated by electrostatic forces between the negatively charged, glutamic acid-rich C termini of a and b tubulins (the E-hooks) and positively charged amino acids in the diffusing proteins (16) . Because the E-hooks are spaced every 4 nm, this electrostatic model predicts 4-nm diffusive steps, different from the 8-nm directed steps between adjacent tubulin dimers that motor proteins such as kinesin take. However, the binding sites associated with diffusion, the size of the diffusive steps, and the relation between diffusion and protein friction has not been experimentally studied.
The interaction of budding yeast kinesin-8, Kip3p, with microtubules is an ideal model system in which to study protein friction and its relation to diffusion. Kinesin-8 motors accelerate depolymerization of microtubules (17, 18) and thereby regulate the lengths of mitotic spindles in yeast and other cells (19) . In the presence of ATP, Kip3p is a highly processive motor that moves toward the plus, or rapidly growing, end of the microtubule (17) ; however, in the absence of ATP, we found that it diffuses on the microtubule lattice for several seconds (Fig. 1, A and B ).
Using total internal reflection fluorescence (TIRF) microscopy (20), we measured the diffusion coefficient in adenosine diphosphate (ADP, 1 mM) from the mean-squared displacement to be D TIRF = 0.0043 T 0.0005 mm 2 /s (Fig. 1C) . (All errors are SEM unless otherwise noted.) The diffusion coefficient in the absence of nucleotides was much smaller, 0.00020 T 0.00003 mm 2 /s ( fig. S1 ). The value of the diffusion coefficient in ADP corresponds to a frictional drag coefficient of g TIRF = 0.95 T 0.11 mNs/m. This implies that imposed velocities on the order of u ≈ 1 mm/s will lead to frictional forces of gu ≈ 1 pN, which should be measurable with optical tweezers.
We used optical tweezers (21, 22) to directly measure the friction force between Kip3p and microtubules in the presence of ADP (20) . To quantify the motor-filament interaction forces as a function of velocity, we dragged Kip3p-coated microspheres over immobilized microtubules ( Fig. 2A) . The concentration of Kip3p molecules on the microspheres was low enough to ensure that only single molecules interacted with the microtubule (20) . We moved the microtubules relative to the laser trap back and forth with a constant speed, using a piezo-electric translation stage, and recorded the position of the Kip3p-coated microsphere. To correlate the friction forces with the polarity of the microtubule, we exchanged the buffer at the end of each experiment with one containing ATP and, for the same microtubule, identified the polarity by the plus end-directed motility of the Kip3p-coated microspheres.
A representative experiment in 1 mM ADP is shown (Fig. 2B ) in which both the centroid of a microsphere and the center of the laser trap are plotted against time. Upon Kip3p binding (arrows), the microsphere transiently slowed down and then accelerated to follow the trap, lagging on average a constant displacement Dx behind the trap center. Using the calibrated trap stiffness k trap [~0.037 pN/nm (21, 23)], we then calculated the friction force F = k trap Dx during such drag events (Fig. 2C) . After the transient response, the friction force reached a steady state (Fig. 2C , dashed lines) and its magnitude increased with increasing speed.
The motor-microtubule friction force depended on speed and, in the case of large speeds, additionally on direction (Fig. 3) . For small stage speeds, u, the friction force increased linearly according to F = gu. In the experiment shown in Fig. 3 , the frictional drag coefficient was 1.11 T 0.07 mNs/m, in good agreement with g TIRF (no significant difference by a t test, t = 1.23, P < 0.95). This frictional drag coefficient was much larger than the hydrodynamic (viscous) drag coefficient of the molecule ( fig. S3A ) and microsphere ( fig. S4 ). The frictional drag coefficients inferred from the initial slopes of nine forcevelocity curves in 1 mM and 2 mM ADP (table S1) were in good agreement with the ones calculated from measurements of the diffusion coefficient at the same ADP concentrations (20) . This agreement with the Einstein relation was expected because, in the presence of ADP, which does not serve as an energy source for kinesin motors, the system is close to thermal equilibrium. Thus, both the drag and the diffusion arise from bond rupture dynamics.
At higher velocities, the frictional forces depended nonlinearly on speed, leveled off, and were significantly lower when the motor was dragged toward the microtubule's plus end compared with the minus end (Fig. 3) . The nonlinearity can be well accounted for by a model for protein friction in which an energy barrier has to be overcome to break an adhesive bond (4) . The external force F trap alters the diffusive stepping rate according to the Arrhenius theory (9) . If there is a single energy barrier between adjacent binding sites, then the mean motor velocity u m is equal to the product of the step distance, d, and the difference between the mean forward, k + , and backward, k − , stepping rates, which depend exponentially on the force: 
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sites and the position of the energy barrier, which corresponds to a transition state (Fig. 3 , schematic inset). Provided that the fluctuations in the force are small, as is the case (Fig. 2C and  fig. S5 ), Eq. 1 relates the friction force . The spatial asymmetry, though small, can lead to large differences in translocation velocities, depending on the magnitude and direction of the force (Fig. 3) .
To obtain direct evidence for stepwise movement along the lattice, we examined displacement traces recorded at intermediate velocities. We observed steps of roughly 8 nm in size (Fig. 4A ). To objectively estimate stepsizes over the whole range of velocities, including the ones with poor signal-to-noise ratios, we performed a fluctuation analysis [ Fig. 4B and fig. S6 ] (24). For |u| ≥ 4 mm/s, we obtained an average step size d = 7.9 T 0.3 nm. At lower speeds, we expected to overestimate the step size because of the presence of backward steps (9) (Fig. 4B , inset, dashed line). However, we observed a decrease in step size, which suggested that several rate-limiting processes at low forces exist, as has been observed for kinesin-1 (25) . Thus, the fluctuation analysis supports the direct observation of 8-nm steps during frictional slipping of the motor along the microtubule.
Considering both the velocity-dependence of the frictional force and the fluctuation analysis, we conclude that the motor's binding sites on the microtubule are spaced 8 nm apart and separated by a single activation barrier. By comparing the hydrodynamic drag coefficient of Kip3p in solution measured by fluorescence correlation spectroscopy, 20 T 2 mm Therefore, our measurements of protein friction allow us to estimate the asymmetric periodic interaction energy landscape between a molecular motor and its track, in a specific nucleotide state.
What is the molecular basis for the 8-nm steps? Our measured step size of~8 nm suggests that during diffusion and the frictional interaction, Kip3p is stepping from one tubulin dimer [8.2 nm in length (5)] to the adjacent one and not following the periodicity imposed by the E-hooks. In support of this conclusion, we found that the diffusion coefficient and the interaction time were not 
greatly changed when the E-hook was removed by proteolysis ( fig. S1 ). We therefore propose that Kip3p diffusion in the presence of ADP predominantly involves interactions with the canonical kinesin-tubulin-binding site.
The long association time in ADP suggests that diffusion of Kip3p occurs via a hand-overhand mechanism whereby the two motor domains bind to adjacent tubulin dimers along a protofilament, and that when one unbinds it can rebind either in front or behind the other motor domain. In addition to providing information about the molecular mechanism of protein diffusion along microtubules, our measurement of protein friction provides mechanical insight into the speed and efficiency of Kip3p and other motors. In the conventional chemical view of molecular motors (5), mechanical motion is tightly coupled to transitions between different chemical states in the ATP hydrolysis cycle. The rates of the transitions, in turn, depend on the load. This picture can be turned around to produce a mechanical view of a molecular motor interacting with its track in which a force-generating element is opposed by a frictional element that dissipates energy and limits the speed (26) . The friction arises because the breaking of bonds associated with chemical states slows the transitions between the mechanical states even in the presence of an external force. Kip3p is a very slow motor, with a maximum speed of 0.05 mm/s. Given that Kip3p can generate a force F m larger than 1 pN ( fig. S7 ), our measurement of the frictional drag coefficient in ADP of 0.75 mNs/m indicates that drag in the ADP state is not limiting the speed (F m /g >> u m ). Instead, the maximum speed of Kip3p is likely to be limited by the drag in strongly bound states, such as the nucleotide-free state with a frictional drag coefficient of~20 mNs/m, as estimated from the diffusion coefficient. In contrast, measurements on kinesin-1 (27, 28) indicate a frictional drag coefficient toward the microtubule plus end of~10 mNs/m in ADP. Given that the maximum force is 7 pN (29) and that detachment in the ADP state is thought to be the rate-limiting step for kinesin-1 (28), we predict a maximum speed of 0.7 mm/s, similar to the maximum speed of kinesin-1.
Protein friction also gives insight into the efficiency of kinesin. The slope of the forcevelocity curve can be interpreted as the friction coefficient of an active motor. For kinesin-1, this is~8 mNs/m (the maximum force divided by the maximum speed). At maximum speed, such a friction element dissipates gu m d ≈ 50 × 10 −21 J per 8-nm step. Thus, about 50% of the energy from ATP hydrolysis (5) is dissipated as friction between the motor and its substrate. Internal conformational changes in the motor head associated with the ATP hydrolysis cycle lead to additional energy dissipation.
Protein friction is important in muscle (30) and should apply to other molecular motors, such as myosin V (31), DNA enzymes (32, 33) , and rotary engines (34, 35) . Diffusion of proteins along polymers and microtubules plays a central role in several biological processes, as discussed in the introduction. In the case of diffusion, no net energy is dissipated. In the case of actively driven proteins, energy should predominantly be dissipated through protein friction. Our single-molecule studies indicate that bond rupture dynamics underlie both diffusion and protein friction. 36. We thank J. Mütze and P. Schwille for the fluorescence correlation spectroscopy measurements; R. Seidel and S. Grill for helpful discussions; the latter two, G. Corresponding authors: Howard@mpi-cbg.de and Erik.Schaeffer@biotec.tu-dresden.de
Materials and Methods
Kip3p expression and purification.
His6-Kip3p-EGFP (236 kDa), called Kip3p throughout the manuscript, was expressed and purified as described previously (S1). The concentration of active Kip3p was determined using a filter-based radiometric ATP binding assay (S2) with ATP labelled at the α-phosphate (PerkinElmer). Reagents were purchased from Sigma unless indicated otherwise. Porcine brain tubulin was purified and rhodamine-labelled (TAMRA, Invitrogen) as previously described (S3). GMPCPP microtubules were assembled in BRB80 (80 mM PIPES/KOH pH 6.9, 1 mM MgCl 2 , 1 mM EGTA) plus 1 mM MgGMPCPP (Jena Bioscience) containing 0.5 µM rhodamine-labelled and 1.5 µM unlabelled tubulin, incubated for 2 hours at 37
• C, pelleted in an Airfuge (Beckman, 28 psi, 5 min), and re-suspended in BRB80 to a 0.2 µM tubulin-dimer concentration.
Flow cells and assays.
18×18 and 22×22 mm 2 cover-slips (Corning,#1.5) were rendered hydrophobic by a dichlorodimethyl-silane treatment (S2). Flow cells were constructed from the silane-treated cover-slips separated by a single layer of Parafilm to form channels 0.1 mm thick, 3 mm wide, and 18 mm long. To immobilize microtubules, the channels were incubated with a series of buffers. First, tubulin antibody (0.4% SAP.4G5 clone) in PBS buffer (pH 7.4) was incubated for 5 min, followed by a 5 min incubation with 1% Pluronic F-127 in BRB80. Subsequently, channels were rinsed with 80 µl of BRB80 and finally GMPCPP microtubules in BRB80 were allowed to bind to the antibodies for 15 min. Channels were rinsed with 20 µl of the reaction solution without Kip3p (BRB80 with 112.5 mM KCl, 0.1 mg/ml casein, 1 mM or 2 mM Mg-ADP, and antifade consisting of 1% β-mercaptoethanol (optical tweezers) or 10 mM DTT (TIRF), 40 mM glucose, 40 µg/ml glucose oxidase, 16 µg/ml catalase). Then, the reaction solution with either free Kip3p or Kip3p attached to microspheres (see below) was added for the single molecule TIRF or optical tweezers experiments, respectively.
Microsphere preparation.
Polystyrene microspheres (0.528 µm diameter, 2.61%w/w, Polysciences, Warrington, USA) were cleaned three times by centrifugation in water followed by a 10× dilution in PBS. We then added 500 µl of 0.2 mg/ml NeutrAvidin (Pierce, Rockford, USA) in PBS to 100 µl microspheres and incubated the mixture for 4 hours at 4
• C. Afterwards, we cleaned the microspheres with a cleaning buffer (PBS buffer containing 1 mg/ml biotin-free BSA (Carl Roth, Karlsruhe, Germany) and 0.1% Tween 20) and re-suspended them to a final volume of 1 ml. To 100 µl of cleaned NeutrAvidin-microspheres, we added 400 µl of cleaning buffer with 0.07 mg/ml biotinylated GFP antibodies [mouse 106A20 (Antibody Facility, MPI-CBG, Dresden) biotinylated using EZ-Link NHS-PEO Solid Phase Biotinylation Kit (Pierce)] and incubated the mixture overnight at 4
• C. A cleaning step with an extra 0.2 nM biotin followed. We then determined the microsphere concentration by light scattering using a photo-spectrometer. Finally, equal volumes of the antibody-coated, microsphere solution and His6-Kip3p-EGFP diluted in the reaction solution were mixed and incubated for 7 min at room temperature resulting in a nominal motor-tomicrosphere ratio of 2 to 20, ignoring any possible protein loss during the microsphere preparation. The Kip3p-functionalized microspheres were finally diluted (100×) in the reaction soluwww.sciencemag.org SCIENCE VOL 325 14 AUGUST 2009 SOM Bormuth et al.
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tion before they were added to the microtubules in the flow channel. In the presence of saturating ATP, Kip3p-coated microspheres moved with speeds similar to the ones observed in the single-molecule TIRF experiments (S1).
Single molecule conditions.
Three criteria led us to believe that only single molecules were measured in the optical tweezers experiments: (i) In earlier experiments in which the probability of binding was measured as a function of the Kip3p-to-microsphere ratio, we showed that single Kip3p molecules are able to transport microspheres (data not shown). In the present experiments, we used a low motor-to-microsphere ratio, such that only 9 of 34 microspheres (26%) showed motility in ATP. (ii) In the presence of ADP, only 16% of the microspheres interacted diffusively with the microtubule. Assuming Poisson statistics, we estimate that >95% of the interactions are due to single molecules. (iii) The total interaction time of Kip3p in ADP with the microtubule was 1-10% of the total time that Kip3p-coated microspheres were exposed to the microtubule. This implied that the Kip3p on-rate was very low. Thus, the probability that during one drag event a second Kip3p molecule bound to the lattice was very small.
Fluorescence Imaging.
Microtubules and Kip3p were imaged using total internal reflection fluorescence (TIRF) microscopy on an Axiovert 200M microscope with a 100×/1.45 NA Plan-Fluar objective (Zeiss). Images were acquired with a Metamorph (Universal Imaging) software-driven Andor DV887 iXon camera. Fluorescence excitation was provided by a mercury arc lamp coupled through an optical fiber and by a multi-line Coherent Innova 90 laser coupled to a dual port TIRF condenser (Till Photonics) or Zeiss TIRF system. GFP and TRITC filter sets (Chroma Technology Corp.) were used to image EGFP and TAMRA fluorophores, respectively. TIRF illumination was performed at 488 nm. The exposure time was 100 ms.
Single molecule tracking.
The Motion Tracking software package, written in the Pluk development environment, was used to locate and track 64 Kip3p-EGFP molecules. The validity of each track was confirmed by visual inspection [see supplementary information of (S2)].
Optical Tweezers.
The setup was described earlier (S4, S5). Briefly, a 1.5 W Nd:YVO 4 laser (1064 nm, Smart Laser Systems, Berlin, Germany) was expanded and coupled into an inverted microscope. The trapping objective was a Zeiss Plan-Neofluar 100×/1.3 NA oil-immersion objective. The sample was moved relative to the trapping laser with a three-axis piezoelectric translation stage (P-733.3DD, Physik Instrumente (PI), Karlsruhe, Germany). We used a position-sensitive photodiode for backfocal-plane detection in three dimensions and calibrated position and force using a combined power spectral analysis-drag force method (S4, S6). rate and analyzed using MATLAB (see Sect. 3).
Dependence of diffusion on ADP concentration and the E-hook
We tested the influence of nucleotide on the diffusion coefficient. The diffusion coefficient in 2 mM ADP was higher than in 1 mM ADP (Fig. S1C ) consistent with our friction measurements. After removal of nucleotides using apyrase, the diffusion coefficient was reduced more than 20× compared to 1 mM ADP (Fig. S1A) .
We tested whether Kip3p diffusion in the presence of ADP depended on the highly negatively charged C-termini of tubulin called E-hook. If diffusion is mediated through weak electrostatic interactions between the (motor) protein and the E-hooks of the microtubule like in the case of MCAK (S2) or XMAP215 (S8), we would expect that Kip3p does not diffuse on subtilisin-treated microtubules where the E-hooks are cleaved off. Digestion was performed with 10µg/ml subtilisin, incubated for 20 min at 37
• C, and terminated with 5mM phenylmethylsulphonyl fluoride. The microtubules were separated from the cleaved E-hooks by centrifugation on a 40% glyc- 
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erol cushion. At 1 mM ADP, we observed on subtilisin-treated microtubules, that the diffusion coefficient was reduced approximately 2.4× compared to untreated microtubules (Fig. S1) . The on-rate and residency time, however, remained the same (data not shown). The reduction indicates that the diffusion partially depends on the electrostatic interaction, however, the magnitude of the reduction hardly affects the potential energy profile since the potential barrier height depends approximately logarithmically on the diffusion coefficient (see Section 8 and Fig. S3B) . A reduced diffusion coefficient means that the interaction strength is increased (larger U 0 ). An increased interaction strength with a binding conformation close to the nucleotide-free configuration upon cleavage of the E-hooks has also been observed for kinesin-1 (S9).
MATLAB scripts automatically and objectively analyzed the data
Data were acquired with self-written LabView code at 80 kHz with an alias-free data acquisition board (S4) and were reduced by averaging two neighboring data points before saving. Off-line data analysis was performed with customwritten MATLAB scripts summarized below.
We first converted the data from voltages to forces using the measured displacement sensitivity and trap stiffness (S4, S6), then we subtracted an offset based on the average of a large region without any events. This offset arose because the center position in the trap did not correspond to a zero-voltage reading of the detector (S6). Next, we cut out all drag events based on a threshold (Fig. S2A ) and discarded the remaining data. This reduced the amount of data by more than 90% and significantly increased the processing speed for further analysis. Then, we rotated the force data to maximize the signal along the axis of the microtubule. The chosen microtubules were aligned within 8 ± 9 degrees (s.d.) with respect to one of the detector axes and the above-mentioned rotation was consistent with a determination of the microtubule angle based on a LED-DIC (S7) video image within less than 1 degree.
After these pre-processing steps, we concatenated all events for evaluation of the individual events (Fig. S2B) . The vertical red lines delimit the events. We kept a certain amount of time of the baseline signal both before and after each event as indicated by the event flag in the upper panel of Fig. S2B . The start and end of an event were determined by a force threshold (middle panel, Fig. S2B ). Because we oscillated the stage with a triangular wave function, long binding events showed both positive and negative drag force plateaus (e.g. the event at ≈10.7-12.6 s). Plateaus are terminated either by Kip3p unbinding from the microtubule lattice or by a sign change of drag velocity. To detect the start and end times of each event plateau, and the Kip3p binding events, we calculated a running average of the data (middle panel, yellow line), and chose a threshold of 0.4 pN for |υ| ≤ 2µm/s and 1 pN for all other velocities (middle panel, dashed red line, red and black circles), aligned all events at the time where they passed the threshold (middle panel, red circles), and averaged the events at each time point together, to finally obtain an event master curve (Fig. 2C) .
From the master curve, the average start time of the force plateau was visually estimated based on the levelling of the transient. To detect the end of the force plateaus and to distinguish between the two cases of plateau termination: change of direction or detachment, we calculated a running standard deviation of the data with three different window lengths and multiplied all three at each time point together to obtain a response function (bottom panel, blue line, Fig. S2B ). The response function peaks clearly only at unbinding eventsthe corresponding times could be extracted by a threshold (bottom panel, dashed red line and green crosses). In the case of change of direction, we used the time points when the signal passed the threshold in the middle (black circles) and subtracted a user-defined time offset. With this information the force plateau of each individual binding event was cut out and all plateaus were concatenated. The average value of this concatenated plateau trace was then plotted in Fig. 3 . The error bars, i.e. the standard error of the mean, were determined by a "blocking" method (S10), which is an unbiased method to determine errors of correlated data. Occasionally, the motor and microsphere got temporarily stuck. These instances could be clearly distinguished from a drag event since displacements and forces increased rapidly, sometimes even reaching the non-linear range of the detector. These events (≈ 20 %) were either excluded completely or partially (e.g. at t ≈ 14.2 s) by manual inspection. In total, we detected 3309 events during the forward and backward oscillation. After excluding the strong binding events, we had 2622 events remaining, of which 2015 events were longer than the initial transient response and could thus be evaluated. In total, we used N + = 966 events for plus-end and N − = 1049 for the minus-end directed dragging.
FCS measurements yielded the free diffusion coefficient
The fluorescence correlation spectroscopy (FCS) measurement was performed with a commercial system consisting of a LSM510 and a ConfoCor3 (Zeiss, Jena, Germany) using the 488nm line of a Ar-Ion laser. For the measurement, 20 µl reaction solution with 8 nM Kip3p was applied to a silanized cover glass blocked with Pluronic F-127. The temperature of the sample was 23.5
• C. We recorded and fitted seven autocorrelation curves-one example is shown in Fig. S3A and calculated the average value of the seven fitted diffusion coefficients D FCS = 20 ± 2 µm 2 /s (s.e.m., N = 7).
The microsphere friction is small compared to protein friction
To quantitatively correct for the small contribution of the microsphere's drag force to the total trap force, we measured the drag close to the chamber surface where the experiment was performed. We use the intervals between events to measure the drag coefficient of the microsphere during the actual protein friction experiment. The microsphere drag force plateaus were extracted in a similar way as the drag of the protein friction (see Sect. 3). The slope of the microsphere's drag force as a function of drag speed resulted in a hydrodynamic drag coefficient γ surface = (10.64 ± 0.04) × 10 −9 N s/m for the example shown in Fig. S4 . This value is about a factor of two larger than the Stokes drag γ Stokes = (5.00 ± 0.05) × 10 −9 N s/m measured for the same microsphere far from the surface during the calibration procedure (S4, S6). The larger drag measured during the friction experiments is consistent with the microsphere being ≈40 nm above the surface (Faxéns law). This distance is in agreement with the spacing expected from the microtubule, the motor and various linking molecules. It also corresponds to the distance where repulsive surface forces reach significant levels keeping the microsphere away from the surface (S4). Importantly, the hydrodynamic drag force of the microsphere is small (< 2%) compared to the protein friction. It was subtracted during our analysis.
Event statistics for nine microtubules
The 2015 drag events that entered our analysis were acquired on nine microtubules with nine microspheres on different days. Measurements were performed at various dragging speeds as summarized in Table S1 . Because long binding events lasted for more than half a period of the stage oscillation, these binding events were cut into several events (see Section 3), which we called drag events. The number of drag events can thus be larger than the number of binding events.
Global fit of force-velocity relation is consistent with 8 nm steps and a spatially asymmetric transition state
When the data were pooled irrespective of the direction of motion, then a global fit of the inverse of Eq. 1 with ∆ = 0 (i.e. the friction force as a function of speed) to our nine data sets with a total of 2015 drag events resulted in a step size of δ = 8.1 ± 0.1 nm (s.e.m.). In this global least-squares minimization, we used one global fit parameter for δ and nine fit parameters for the individual frictional drag coefficients (γ fit ) of the data sets. The friction force error bars (see Section 3) were used as weights in the fit. To fit the asymmetry parameter, we used the individual frictional drag coefficients of the data sets to rescale the velocity axis. This collapsed all data sets onto a master curve (graph inset Fig. 3) . Note that the force axis is not rescaled. The rescaled Eq. 1 has only two free parameters left (δ and ∆). Thus, we fitted the master curve with only these two parameters: the periodicity δ and the asymmetry parameter ∆, the values of which are stated in the main text. The error on the parameters was based on the confidence range of the fit parameters. Since Eq. 1 with ∆ = 0 cannot be inverted, we could not weight the fit for the asymmetry parameter with the friction force error bar. However, the agreement within the errors of δ determined from the fit to the average data with ∆ = 0 (δ = 8.1 ± 0.1 nm) compared to the fit with ∆ = 0 (δ = 7.8 ± 0.3 nm) indicates that the weighting is not essential.
8. First passage time calculation yielded the potential barrier height U 0
The protein friction between Kip3p and microtubules can be described by diffusion in a periodic free energy landscape with periodicity δ. We can estimate the barrier height U 0 by comparing the first passage time over the barrier to the time the protein would diffuse the distance δ without a periodic potential. The first passage time t 0 [the inverse of the stepping rate k 0 = k B T /(γδ 2 )] of a protein over a harmonic potential barrier of height U 0 ( k B T ) is calculated using Kramers theory to be
with the hydrodynamic drag of the protein close to a surface γ free , the curvature of the harmonic potential κ 0 = 8U 0 /δ 2 , the potential barrier height U 0 , the absolute temperature T , and the Boltzmann constant k B (S11). γ free ≈ λγ FCS , where the approximation is due to the unknown surface/geometry factor λ accounting for an increased drag coefficient near a surface. Using γ TIRF and γ FCS from the main text and an estimate for the surface factor λ, we can numerically solve Eq. S1 for U 0 . For example, using λ = 3 results in γ TIRF /(λγ FCS ) ≈ 1500 and U 0 ≈ 13 k B T . A graphical illustration of the drag coefficient ratio as a function of U 0 is shown in Fig. S3B . To estimate an error on U 0 , we used a range of values for the surface factor λ = [1, 3, 15] . A value of λ = 1 corresponds to free diffusion in bulk solution, λ = 3 corresponds to a sphere in the direct vicinity of a surface in accordance with Faxéns law and drag measurements near surfaces of microspheres (S4), and λ = 15 is an arbitrary value that could account for additional drag due to non-Newtonian hydrodynamics and other effects that lead to an increase of the drag coefficient near a surface. With this range of λ-parameters, the barrier height is U 0 ≈ [14, 13, 11] k B T .
We also calculated the barrier height using the theory of tilted periodic potentials (S12) and obtained a value of U 0 ≈ 13 k B T for a parabolic potential and U 0 ≈ 12 k B T for a cosine potential. Thus the shape of the potential influences the estimated height of the barrier, but the effect is within the range of our error bars.
9. Corrections to the force-velocity relation are small
Loading rate dependence
The loading rate in our experiments was small and leads to only a small correction to the force-velocity relation (Eq. 1). The rupture force of individual bonds depends on the loading rate, given by the product of speed and probe stiffness (S13 To test how our measurements would depend on trap stiffness, we varied the trap stiffness in a Monte Carlo simulation. From the simulated data traces at a speed of 10 µm/s-near the upper limit of our loading rate, we calculated the mean friction force. We found little effect of changing the trap stiffness on the friction force: reducing the trap stiffness ten-fold (to 0.004 pN/nm) led to <2% change in force.
The loading rates are low enough that the rate of bond rupture should still depend approximately on the exponential of the loading force (Eq. 1 which is the limit of low loading rates). If we assume a harmonic profile up to the activation energy for rupture, U 0 , as we did in our calculation of the barrier height, then, to second order, the forward rate of Eq. 1 becomes
where d = 1 2 δ + ∆ is the distance to the transition state. The second order term in the force comes about because force shifts the position of the minimum of the profile and decreases its energy with respect to the transition state. This effectively increases the barrier and lowers the rate. A similar correction applies to the backward rate. For absolute forces < 4 pN, d ≈ 4 nm and U 0 ≈ 13k B T , the correction to the force is <10%. We also compared this modified equation with Eq. 1 and found only a small change in fit parameters (see below).
Force fluctuations
Equation 1 refers to an instantaneous force. The equation relates the average velocity to the average force (i.e. the friction force) only if the force fluctuations are small, in the following sense. The average forward rate that determines the average velocity is
where σ 2 is the variance of the trap force and . . . denotes average quantities. The approximation can be verified with a Taylor expansion of the exponential by substituting F trap = F trap + ε, where ε is the deviation from the mean force. In our case, σ = 0.8 pN at the highest forces, and approaches 0.4 pN at zero force (Fig. S5) ; thus the correction varies between 8-30%. The main effect of the correction factor is to increase the prefactor of the exponential in Eq. S3; we therefore overestimated the zero-force rate k 0 by using Eq. 1 by ≈8%.
The corrections for the loading rate and force fluctuations tend to cancel each other. The standard deviation in force increased linearly with speed ( Fig. S5 ), leading to an increase in k + in Eq. S3 and countering the decrease in k + in Eq. S2. Fitting the data with both corrections, using U 0 = 12.6 k B T and the fit parameters for the force variance (Fig. S5 ), resulted only in minor changes in the overall shape of the curve and the fit parameters (δ = 8.0 ± 0.3 nm and ∆ = 0.31 ± 0.01 nm).
10.
Step-detection algorithms found steps consistent with an 8 nm-periodic lattice For the step-detection, we used the step finder from Kerssemakers et al. (S15) . In addition, we implemented the Chung and Kennedy (S16) step finding algorithm in MATLAB code. We calculated the step response function for three different window sizes, w = 2, 4, 8 points, and multiplied the three at each time point increasing the signal-to-noise ratio of the step response function. Both step finders provided step-size distributions consistent with 8 nm steps.
Fluctuation analysis objectively estimated 8 nm steps
The fluctuation analysis was based on a power-spectrum method developed by Charvin et al. (S17) . The principle behind the analysis is that the random occurrence of steps contributes most to the power spectrum of the velocity at low frequencies. We computed the power spectral density (PSD, Fig. S6 ) of the velocity, calculated by a point-by-point differentiation of the displacement traces. For a Poisson stepper moving consistently in one direction with a single ratelimiting step, the spectrum is expected to have a low-frequency asymptote, as observed. The amplitude of this asymptote, p, is related to the step size and stage velocity according to p = 2|υ|δ. We measured p using all events at each velocity from our nine data sets to calculate the step size as a function of drag velocity. The velocity PSD for all velocities showed a plateau value/asymptote at low frequencies. For the individual velocities, we collected all event traces measured during the nine independent experiments at the same speed. We cut the individual events into N parts with the number of points per part N points being a power of two. We performed a fluctuation analysis on each part individually by taking the derivative and calculating the velocity PSD. Then, we averaged all PSDs of events recorded with the same velocity (averaging over the nine different experiments, Fig. S6 ). To determine the average plateau height p that is plotted in the inset of Fig. 4B , we averaged the first few, low-frequency PSD data points-the number of which we denoted by n is given in Fig. S6 . The average plateau error was estimated as ∆p = p/ √ N n. The levelling of the PSDs above ≈4 kHz is due to the corner frequency of the microsphere in the optical trap. The results from our fluctuation analysis are supported by a Monte Carlo simulation of a biased discrete random walk with up to three process steps (data not shown). For |υ| > 4 µm/s, less than 2% of all steps are diffusive backward steps.
Kip3p can generate at least 1 pN of force
In the presence of ATP, Kip3p generated forces against a load of at least 1 pN (Fig. S7) . The slow motor was not limited by the the frictional drag coefficient in ADP. 
